ABSTRACT. The effect of breast-feeding on the development of lymphocyte responsiveness in infants has been studied. Peripheral blood mononuclear cells from 15 breast-and 15 bottle-fed infants were obtained sequentially between 6 days and 9 months of age. A number of agents were used to stimulate the cells in vitro and the resulting proliferative responses were compared between the two feeding groups. A hanging drop microculture system using serum-free medium, enabled spontaneous proliferation and proliferative responses to several stimuli ( T and B cell mitogens, allogeneic lymphocytes, and antigen) to be studied a t a range of cell concentrations and days of culture. Significant age-related differences were found between the responses of cells from the two feeding groups. Spontaneous proliferation and proliferative responses to the T cell mitogen phytohaemagglutinin and the antigen tetanus toxoid were significantly greater in the breast-fed group a t the two earliest ages studied (6 days and 6 wk). Responses to mitogens which predominantly affect B cells, such a s pokeweed mitogen and Staphylococcus aureus (Cowan), were similar in both feeding groups a t this age. In contrast, from 3 to 9 months of age, responses of cells from bottle-fed infants were significantly greater to all stimuli than responses from breast-fed infants. One possible explanation for the higher level of proliferation by cells from newborn breast-fed infants, is that these infants may absorb the cell-growth factors and lymphokines known to be present in human colostrum and milk. These factors may stimulate T cells and/or their precursors in vivo. The subsequent greater responsiveness of peripheral blood mononuclear cells from the bottle-fed group a t 3 to 9 months of age appears to be due to a higher level of antigenic stimulation in vivo in this group. This could result from the greater intake of cow milk proteins or from the absence of the passive protective effect of the antimicrobial components in human milk. Breast-fed infants have a lower incidence of infections than bottle-fed infants (1-3). This has been attributed to a passive protective role of antimicrobial compounds in human milk, such as secretory IgA, acting locally within the gut of the newborn infant (4-6). More recently, interest has developed in other factors in colostrum and milk, such as epidermal growth factor (7, 8), interferon (9, 1 O), and prostaglandins ( 1 1, 12), which can influence cell growth and differentiation in vitro. It is possible that these growth factors and lymphokines in milk may actively enhance the development of the immune system of the breastfed infant, although an in vivo role for milk lymphokines has not yet been demonstrated. To investigate whether these lymphokines might be having an effect in vivo on the immune system of the breast-fed infant, we have studied the development of immune responses in breast-and bottle-fed infants sequentially from 6 days to 9 months of age.
Breast-fed infants have a lower incidence of infections than bottle-fed infants (1-3). This has been attributed to a passive protective role of antimicrobial compounds in human milk, such as secretory IgA, acting locally within the gut of the newborn infant (4) (5) (6) . More recently, interest has developed in other factors in colostrum and milk, such as epidermal growth factor (7, 8) , interferon (9, 1 O), and prostaglandins ( 1 1, 12), which can influence cell growth and differentiation in vitro. It is possible that these growth factors and lymphokines in milk may actively enhance the development of the immune system of the breastfed infant, although an in vivo role for milk lymphokines has not yet been demonstrated. To investigate whether these lymphokines might be having an effect in vivo on the immune system of the breast-fed infant, we have studied the development of immune responses in breast-and bottle-fed infants sequentially from 6 days to 9 months of age.
Mononuclear cell proliferation in vitro has frequently been used to assess immunocompetence in infants and adults (13) . Many variables such as cell concentration, length of culture period, and mitogen concentration have been shown to have a profound effect on proliferative responses (14) . However, only small numbers of cells can be obtained from infants so that assessment of immunocompetence has usually been made on estimations with a fixed level of each in vitro variable, which can be highly misleading (15, 16) . In this study, we have used a Terasaki plate microculture system for mononuclear cells, which has enabled the effects of interacting variables such as cell concentration and period of culture to be assessed, using low total numbers of cells. Addition of serum to the culture medium can also complicate interpretation of results; batches of FCS which support cell growth are often mitogenic and may contain growth factors (17) . We have therefore used a serum-free medium to culture PBM cells from healthy full-term breast-and bottle-fed infants, in order to determine the effects of feeding group on the development of spontaneous (background) proliferation and proliferative responses to mitogens and allogeneic lymphocytes. The results indicate contrasting age-related differences in the responses of cells from the two feeding groups. Breast-feeding has a stimulating effect on cell proliferation in the early neonatal period, but in the older infants, breast-feeding reduces the proliferative responses to a wide range of stimuli.
MATERIALS AND METHODS

Subjects and samples. Thirty healthy full-term infants, born at
Northwick Park Hospital, were selected with full parental consent. The choice of feeding group was left entirely to the families. Fifteen infants were fed on cow milk formula (SMA Gold Cap) from birth. Twelve infants were exclusively breast-fed for at least 3 months and fully weaned beyond 7 months of age. Three breast-fed infants were weaned early (before 2 months Microculture system. The Terasaki plate microculture system described by O'Brien et ul. (19) was used. Peripheral blood mononuclear cells were separated on a Ficoll-Paque gradient (Pharmacia), washed twice and resuspended in Iscove's Modified Dulbecco's serum-free medium with NaHC03 (3.2 g/liter, pH 7.4), antibiotics, and L-glutamine (see above). For unstimulated cultures and mitogen or antigen stimulated cultures, cells were dispensed in 20 pl volumes using Hamilton repeat dipensing syringes, into Terasaki plates (Nunc) at 1, 2,4, and 8 x lo6 cells/ ml. Preliminary titration experiments indicated that the optimal doses of stimulants (added in 1 p1 volumes to give final concentrations) were as follows: PHA (Wellcome Laboratories) 1 pg/ ml; PWM (Sigma) 1 pg/ml; SAC 1/2000; TT (kindly donated by Dr. R. 0 . Thomson, Wellcome Laboratories, Kent, England) 2 ng/ml. For MLR cultures, cells were dispensed in 10 p1 volumes at double concentration and 10 p1 of mitomycin-C treated Cla-4 stimulator cells were added to give a final concentration of 2 x lo6 stimulator cells/ml. Separate plates were set up for each day of harvest. Plates were inverted and incubated in boxes containing 0.85% saline in a humid incubator with 5% C 0 2 at 37" C. All cultures were set up in duplicate.
Harvesting cell cultures. Cells were harvested on days 3 to 5 of culture as described previously (14, 19) . Briefly, cultures were pulsed for 2 h at 37" C with 1 p1 of [3H]methylthymidine (Amersham Radiochemicals Ltd.) at 2 Ci/mmol to give a final concentration of 1 pg/ml thymidine (0.16 pCi/well). Cell pellets were harvested on to glass-fiber filters on a Terasaki plate harvester, washed with saline and 5% w/v trichloroacetic acid, and dried with methanol. Discs were transferred to plastic scintillation vials with 0.5 ml scintillant (NE 260, Nuclear Enterprises), counted on a Wallac LKB scintillation counter and results expressed as counts per minute.
Statistics. The statistical analysis was similar to that employed by Hamson et al. (20) . From a possible 150 samples (30 infants bled on five occasions), between 138 (spontaneous proliferation) and 122 (MLR) were cultured at a minimum of three cell concentrations (1, 2, and 4 x lo6 cells/ml) and harvested on 2 days of culture (3 and 5) . In addition, 35% of samples were cultured at 8 X lo6 cells/ml and 45% were harvested on day 4 of culture. Results were log-transformed to normalize the distribution and geometric means of duplicate cultures were calculated. Analysis of variance was performed on the data from each stimulant to determine differences between feeding groups and interactions of feeding group with age, culture period, and cell concentration. Allowance was made for the fact that both between-infant and within-infant sources of variation were present (2 1). Because of the lack of balance with respect to cell concentration, data were further divided into cell concentrations and the analysis of variance reapplied. Where individual comparisons between groups were required at specific ages, days of culture, or cell concentrations, Bonferroni t tests were performed (22) . These take into account the circumstance of multiple tests and so are more conservative than pooled t tests. For the purposes of these t tests, the appropriate variance estimates, derived from the analysis of variance procedure, were used. Where confidence intervals (95%) were constructed, these incorporated variability both between and within infants. Table 1 the geometric means of the amount of Diffrrences between proliferation by cells from breast-and bottle-fed infants: spontaneous (background) proliferation. There was a significant interaction of the effects of feeding group and age, that is the change in proliferation with age was significantly different for the two feeding groups ( p = 0.0 12). This difference is illustrated (with results averaged over all harvest days and cell concentrations) in Figure la. At 6 days and 6 wk of age, cells from breast-fed infants incorporated more thymidine than cells from bottle-fed infants. This high rate of spontaneous proliferation for newborn breast-fed infants, diminished between 6 wk and 3 months. By 6 and 9 months, cells from the bottle-fed infants showed slightly higher rates of proliferation. A detailed analysis of this interaction of feeding group with age ( Fig. 2) indicated that it occurred on all days of culture and at all cell concentrations, but was most significant at 4 x lo6 cells/ml ( p = 0.0013) and for the 2 peak days of culture (days 3 and 4).
RESULTS
General observations on the kinetics of proliferation by cells from infants. In
Proliferative responses to the T cell mitogen PHA. When proliferative responses were examined on the peak day of culture for PHA (day 3, see Table I ), there was a highly significant interaction of feeding group with age (Fig. lb , p = 0.007). As with spontaneous proliferation, proliferative responses to PHA were greater in the breast-fed group during the early neonatal period, but by 3 months the responses were greater in the bottlefed group (at all cell concentrations and days of culture) and this difference was maintained beyond 9 months of age. The interaction of the effects of feeding group with age (by analysis of variance) did not quite reach a 5% level of significance when results were averaged over all cell concentrations and days of culture (p'= 0.058) although there was a significantly greater response by cells from bottle-fed infants when tested on each individual occasion from 3 to 9 months (t test, p < 0.05).
Proliferative responses to B cell mitogens PWM and SAC. The pattern of proliferative responses of cells to PWM and SAC (averaged over all cell concentrations and culture days) was similar, although the magnitude of responses to SAC were lower ( Fig. l c and d) . At 6 days and 6 wk of age, there were no detectable differences in the responses of cells from breast-fed and bottle-fed infants. However, by 3 months the responses of cells from bottle-fed infants were greater than those from breastfed infants, at each cell concentration and day of culture, and this difference between feeding groups were significant at 6 and 9 months of age for both mitogens (t test: PWM, p < 0.05; SAC, p < 0.01).
Mixed lymphocyte reaction. The responses to allogeneic lymphocytes indicated the largest differences between the groups, with a significantly greater overall group mean (averaged over all cell concentrations, days of culture, and ages) for the bottle-fed infants (p = 0.004). The interaction of feeding group with age was significant ( p = 0.029) and is illustrated in Figure le . At 6 days and 6 wk of age, although there was no difference in the overall response (averaged over all days of culture), the peak responses of cells from breast-fed infants occurred earlier in the culture period than those from the bottle-fed group (results not shown). From 3 to 9 months of age there were significantly 230 STEPHEI greater responses by cells from bottle-fed infants at all cell concentrations and on all days of culture (Fig. le) .
Proliferative responses to the antigen TT.
Fewer samples (541 150) were cultured with TT at the minimum of three cell concentrations and 2 days of harvest. The pattern of response was similar to that in response to PHA (Fig. If) . There was a significantly greater response of cells from breast-fed infants during the early neonatal period (t test, p < 0.05 at 6 days). Maximal proliferation by cells from both groups was at 6 wk of age and from 3 to 9 months there were lower responses for the breast-fed group. This pattern was similar for all cell concentrations and days of culture. However, because of the low numbers of samples, no significant interactions were detected by the analysis of variance.
DISCUSSION
Comparison of the in vitro proliferation by cells from breastand bottle-fed infants indicated significant differences between the two feeding groups for spontaneous (background) proliferation and for proliferative responses to all stimuli used. These differences were age-dependent and fell into two main categories; those which occurred in newborn infants (6 days and 6 wk) and those which occurred in older infants (3 to 9 months). Cells from newborn breast-fed infants showed significantly greater rates of spontaneous proliferation and were more responsive to PHA and T T than cells from bottle-fed infants (at all cell concentrations and on all days of culture). Responses of cells to allogeneic lymphocytes also occurred more rapidly in the breast-fed group at this age. Previous work, using adult cells, has indicated that cells which proliferate spontaneously may be a population of T cell precursors (23), whereas PHA and allogeneic lymphocytes have been shown to stimulate mature T cells rather than B cells (24, 25) . Thus, the greater proliferation of cells from the breastfed group at 6 days and 6 wk of age, suggests that T cells (or their precursors) may be in a greater state of activation in vivo in breast-fed infants. T T antigen has also been shown to stimulate proliferation of T cells rather than B cells from immune adult donors (26) . Since the newborn breast-fed infants in this study were not vaccinated either the proliferation was due to a primary antigen specific response (which is unlikely due to the magnitude of the responses obtained) or the responses were antigen nonspecific. Leiken and Oppenheim (27) also found high proliferative responses to T T by cord blood lymphocytes from a few infants which they were unable to explain. This response may represent a mitogenic effect of the T T preparation: T T certainly induces polyclonal IgM secretion by cells from these unimmunized infants (Stephens, unpublished results) . In contrast to the clear differences between breast-and bottle-fed infants when stimuli that predominantly activate T cells are examined, proliferative responses to mitogens affecting B cells (PWM and SAC) showed no differences between the feeding groups during this early neonatal period, at any cell concentration or day of culture. This suggests that B cell responses were comparable in the two groups at this time. This finding is supported by the similar serum immunoglobulin levels observed in these infants (28) . It is not clear why cells from breast-fed infants should demonstrate enhanced spontaneous proliferation and proliferative responses to T cell mitogens in the early neonatal period, compared with bottle-fed infants. A number of factors that are capable of stimulating lymphocytes in vitro have been shown to be present in human colostrum and milk. These factors include epidermal growth factor (7, 8) , which in addition to stimulating the growth of epithelial cells in vitro, has also been shown to enhance antigen-driven T-cell proliferation (29) . Colostral and milk leucocytes cultured in vitro secrete interferon (9, 10, 30) and prostaglandins (1 1, 12) which are also capable of modulating lymphoid cell proliferation. Additional factors in colostrum and milk (possibly interleukin-I, B cell growth or differentiation factors) can enhance B cell proliferation and differentiation in vitro (3 1-33) and a factor from the milk of atopic mothers can stimulate IgE secretion (34) . Whether these growth factors and lymphokines are absorbed by the gut of the breast-fed infant and stimulate the maturation of lymphocytes in vivo is not known, but the enhanced in vitro responsiveness of T cells from newborn breast-fed infants in this study suggests that at least some of these factors may be active in vivo.
By 3 to 9 months of age, spontaneous proliferation and proliferative responses to all stimuli (PHA, PWM, SAC, MLR, and TT) were significantly greater in the bottle-fed group. This difference was apparent at all cell concentrations and on all days of culture but was proportionally greatest on the day of culture at which proliferation was highest. In a study of allergy, Juto et a/. (35) also found a greater responsiveness of cells from bottle-fed infants to PHA at 3 to 6 months. This reversal of responsiveness in the older infants studied suggested that all types of PBM cells (non-T/non-B, T and B cells) were receiving greater stimulation in vivo in the bottle-fed infants. This could be the result of a combination of effects. First, by this age there may be a reduced intake of lymphokines and growth factors from milk in the breast-fed infants. Pittard and Bill (32) were able to detect the IgA stimulatory factor in supernatants only from colostral and early milk cell cultures but not from mature milk cell cultures. Second, factors in human milk such as secretory component (36) and lipid (35) have been shown to inhibit lymphocyte responses in vitro, and these factors may begin to have a role in vivo at this age. However, a more likely explanation is that bottle-fed infants have a greater uptake of macromolecules from the gut than breast-fed infants, as the lack of protective antibodies from human milk in the bottle-fed infants allows increased absorption of potentially antigenic macromolecules from gut bacteria (37) and cow milk proteins (38) . Certainly, the serum antibody responses of these bottle-fed infants to components of the normal gut flora are significantly greater than those of the breast-fed infants at this time (28) indicating greater exposure of the systemic immune system to antigens encountered in the gut. Endotoxin and lipopolysaccharide from normal gut flora have been shown to have a profound stimulatory effect on the immune system of animals and man (37, 39-4 1). The greater responsiveness of cells from bottle-fed infants at 3 to 9 months of age may thus be due to increased stimulation of the systemic immune system by macromolecules absorbed from the gut.
The present data show clear differences in the proliferative responses of cells from breast-and bottle-fed infants. Active stimulation and passive protection by human milk appear to have antagonistic effects on the development of immune responses in infants. An early enhancing effect, perhaps due to absorption of soluble growth factors or lymphokines from colostrum and milk, may be important during the immediate neonatal period when the immune system is particularly immature, yet has to cope with the sudden exposure to environmental antigens. From 3 months of age, the lower proliferative responses of lymphocytes from breast-fed infants may result from the passive protective action of secretory IgA and other antimicrobial components present in human colostrum and milk, which shield the immune system of the breast-fed infant from stimulation by food antigens, microorganisms, and other potentially antigenic or mitogenic molecules present in the gut of the infant.
This study therefore gives further evidence for the benefits of breast-feeding, indicating that in addition to passive protection against organisms which are potentially pathogenic, breast-feeding acts as a modulator of immunological development. This may be particularly valuable in early infancy when the child is most susceptible to infection.
